The TiN/Cu metal scheme as gate metal for AlGaN/GaN high-electron-mobility transistors (HEMTs) is investigated. The copper-gated devices show comparable DC characteristics to the conventional Ni/Au-gated devices. No obvious of changes in I DS and I GS were observed for the device after being stressed at V DS ¼ 200 and V GS ¼ À5 V for 32 h. The thermal stability test indicates comparable Schottky barrier height for the TiN/Cu gate metal on GaN before and after 250 C annealing for 1 h. Overall, the AlGaN/GaN HEMT with the TiN/Cu gate metal structure demonstrates excellent device DC characteristics, good thermal stability, and stable performance after a high-voltage stress test. # 2013 The Japan Society of Applied Physics R ecently, wide-bandgap AlGaN/GaN high-electronmobility transistors (HEMTs) have been widely studied for high-frequency and high-power applications [1] [2] [3] [4] [5] due to their excellent thermal stability, high breakdown field, and high saturation drift velocity. In the conventional HEMT process, gold (Au) is usually used as the metallization metal. However, the price of Au is becoming higher and higher; therefore, it is necessary to find a new metallization system without Au to reduce the production cost of AlGaN/GaN HEMT devices. Copper (Cu) metallization has been widely studied since IBM first announced its success in Cu metallization of silicon integrated circuits.
R ecently, wide-bandgap AlGaN/GaN high-electronmobility transistors (HEMTs) have been widely studied for high-frequency and high-power applications [1] [2] [3] [4] [5] due to their excellent thermal stability, high breakdown field, and high saturation drift velocity. In the conventional HEMT process, gold (Au) is usually used as the metallization metal. However, the price of Au is becoming higher and higher; therefore, it is necessary to find a new metallization system without Au to reduce the production cost of AlGaN/GaN HEMT devices. Copper (Cu) metallization has been widely studied since IBM first announced its success in Cu metallization of silicon integrated circuits. 6, 7) This is because copper has good electrical conductivity, [8] [9] [10] high melting point, high thermal stability, good adhesion to dielectrics, and lower cost. 11, 12) Cu is also a good candidate to replace gold as the metallization metal for III-V-based devices; papers on Cu-metallized Ohmic contacts to InGaAs by using Pd/Ge/Cu, 13) Ti/Pt/Ti/Cu-metallized interconnects for AlGaN/GaN HEMTs, 12) and Cu Schottky contact on AlGaN/GaN HEMT 14) have been published in recent years. The requirements for a good Schottky contact on HEMT devices include high Schottky barrier height, low leakage current, and good thermal stability. Generally, Ni/Au Schottky metal is used for the AlGaN/GaN HEMTs. To use Cu as the Schottky metal, a diffusion barrier material is required, because copper diffuses fast into the semiconductor if there is no diffusion barrier, and this would result in poor Schottky junction, low power handling capability, and increased interface traps. 14) TiN material is a very attractive gate material because of its thermal stability, 15) low resistivity, and high process compatibility. 16) These properties make TiN a good choice as a gate metal for AlGaN/GaN HEMT devices. In this study, the TiN/Cu gate metal structure is used to replace Ni/Au as the gate metal for the AlGaN/GaN HEMTs. The DC characteristics, high-voltage stress characteristics, and thermal stability of the TiN/Cu gate metal structure on AlGaN/GaN HEMTs are investigated in this work.
The TiN/Cu-gated AlGaN/GaN HEMT fabrication process can be divided into the following steps: mesa isolation, Ohmic contact formation, and gate formation. The mesa isolation was the first step and was formed by Cl2 etching using inductively coupled plasma (ICP) with an etching depth of 200 nm to define the active regions. The Ti/Al/Ni/ Au multilayer metal was deposited as Ohmic metal and was annealed using a rapid thermal annealing (RTA) system at 800 C for 60 s in N 2 ambient. The contact resistance of 2:1 Â 10 À6 cm 2 was achieved as determined by the transfer line method (TLM). Then, the TiN/Cu gate metal was deposited by reactive sputtering. The titanium metallic target was used with 200 watt DC power under N2/Ar atmosphere for TiN deposition. The gate length used was 2 m. A conventional AlGaN/GaN HEMT with Ti/Al/Ni/Au Ohmic and Ni/Au gate was also fabricated using the same epitaxial wafer for device performance comparison. compared with the Ni/Au-gated device, comparable DC characteristics were obtained for the TiN/Cu-gated device. However, a higher maximum drain-source current (I DS,max ) at gate-source voltage ðV GS Þ ¼ 3 V was obtained for the TiN/Cu-gated device due to the higher Schottky barrier height of TiN on GaN. The OFF-state breakdown voltage for the Ni/Au and TiN/Cu gate devices were 325 and 346 V, respectively. For the high-voltage stress test, the AlGaN/ GaN HEMTs were stressed at a drain-source voltage (V DS ) of 200 V with V GS ¼ À5 V for different periods of time. The DC characteristics before and after stress for the TiN/Cugated and Ni/Au-gated AlGaN/GaN HEMT devices with source-drain spacing of 20 m and gate-drain distance of 15 m are shown in Fig. 2 , and the V GS bias was setting from À5 to 2 V first and then from 2 to À5 V. It was found that the drain-to-source current (I DS ) decreased for both devices after being stressed for 3 h. The current degradation mechanism is believed to be due to the electrically induced defect formation and charge injection when the devices are under highvoltage stress. A large electric field appears under the gate edge across the barrier when the AlGaN/GaN HEMT is under high-voltage operation; this will cause a very large mechanical stress concentrated in a very small region, and the electrically active defects are generated in the AlGaN barrier layer or at its surface in the vicinity of the gate edge, resulting in I DS degradation. 17) Furthermore, the electrons injected from the gate electrode during the high-voltage stress flow into the gate-to-drain region and are captured by the surface states at this region, thus, effectively biasing the surface toward the negative direction. The two-dimensional electron gas (2DEG) density decreased due to the charge neutrality process, which leads to the increase of the drain resistance. 18) Furthermore, the I DS reduced to 70 and 93% of initial values after being stressed for 1 h for the Ni/Au-and TiN/ Cu-gated AlGaN/GaN HEMTs, respectively, as shown in Figs. 2(a) and 2(b) . The smaller current degradation for the TiN/Cu-gated HEMT indicates that TiN is more stable than Ni on AlGaN, and fewer electrical defects were produced for the TiN/Cu-gated HEMTs than for the Ni/Au-gated HEMTs. This may be caused by the fact that it is easier for Ni to react with AlGaN when the device was under highvoltage stress. Furthermore, a counter clockwise hysteresis was observed and the hysteresis increased with stress time due to charge injection and the number of electrically active defects on the gate edge of the AlGaN surface increased during the stress test. The direction of the hysteresis suggests that the charges responsible for the collapse came not from the channel but from the gate electrode, which is similar to the operation of floating gate memories. 19) A smaller hysteresis was observed for the TiN/Cu-gated HEMTs due to the higher Schottky barrier height as compared with Ni/Au, which restrained the charge injection during the stress test. The injection charges were released after the stress was stopped; hence, the hysteresis was reduced and I DS was increased just a few minutes after the stress was stopped. However, a small hysteresis of the I DS versus V GS curves remained after the stress was stopped. The I DS degradations were 35 and 19% after 3 h of stress for the Ni/Au-gated and TiN/Cu-gated HEMTs, respectively, and were recovered to 17 and 4% after the stress was stopped for 10 min, indicating that most charge injection was released. Less I DS degradation for TiN/Cu-gated HEMTs than for Ni/Au-gated HEMTs was observed, indicating that TiN did not react as much with AlGaN as Ni when the devices were stressed. Figure 3 shows the off-state I DS and gate-source current (I GS ), and on-state I DS for the TiN/Cu-gated GaN HEMT after a 200 V high-voltage stress test for 32 h. The on-state I DS reduced from 400 to 372 mA/mm due to the increase of surface states and electrical defects during stress, and no obvious changes for the off-state I DS and I GS were found for the TiN/Cu-gated AlGaN/GaN HEMTs. However, the Ni/ Au-gated HEMTs shows rapid on-state I DS degradation, and the device failed after high voltage stress test for 10 h. The small current change indicates that the TiN/Cu-gate metal structure was quite stable under high voltage and prolonged stress. For the thermal stability test, the TiN/Cu-gated AlGaN/GaN HEMT devices were annealed at 250 C for 1 h, and no obvious DC characteristic change was observed after annealing. Furthermore, the I DS decreased to 91% of the initial value after the device was stressed for 1 h as shown in Fig. 4 . However, the Ni/Au-gated HEMTs with 250 C annealing for 1 h failed after high-voltage stress test for just a few min. Compared with the TiN/Cu-gated AlGaN/GaN HEMTs without annealing, no clear current degradation was observed for the annealed device after stressed for 1 h as shown in Fig. 2(b) , indicating that the 
